Abstract. The relationship among NOy, 03, N20, ultra-fine condensation nuclei (CN), and other trace gases in the upper troposphere (UT) and lower stratosphere (LS) observed during SONEX are analyzed with the goal to identify and quantify the sources of NOy in the UT. We use N20 to separate upper tropospheric air from stratospheric influenced air and focus our analysis to the former. The distributions of NOy and 03 show remarkable similarity when they are plotted as a function of N20. The only difference between NOy and O3 is found in upper tropospheric air where a large number of data points have high values of both NOy and the NOy/O3 ratio. Major sources contributing to these high NOy values are found to be emissions from lightning and surface sources transported to the UT by convection.
Introduction
Nitrogen oxides, i.e. NOx (NO+NO2) are key trace gases in the tropospheric photochemistry. Photochemical reactions involving NOx, CO and CH4 are a major source of tropospheric 03. Because the lifetime of NOx is short and the sources are small, NOx concentrations in most parts of the troposphere are extremely low. As a result, NOx is usually the rate-limiting precursor of 03.
As 03 in the UT is an effective greenhouse gas (Fishman et al., 1979) , an environmental concern is the possible increase of 03 in the UT due to NOx emissions from subsonic aircraft (e.g. Singh et al., 1999) . However, a quantitative evaluation of the increase in 03 has turned out to be difficult and highly uncertain. A major contributor to the uncertainty is the lack of knowledge about the budget of NOx and other reactive nitrogen species in the UT.
Concurrent observations of total reactive nitrogen or NOy (NO + NO2 + N205 + NO3 + HNO3 + HO2NO2 + PAN + other organic nitrates), NO and tracers such as N20, 03, CN, CH4, CO and others in the stratosphere have been shown to be valuable for studying the budgets of NOy and 03 (e.g. Murphy et al., 1993; Ridley et al., 1994 
Characteristics of NOy and O3 as a Function of N20
Figures la-lc depict the mixing ratios of NOy and 03, and the NOy/O3 ratio as a function of N20 for all observations above 7 km. The observations used here are those from the 10 second merged data set as described by Singh et al. (1999) . N20 is used because it is a tracer that gives a good measure of the influence of stratospheric air. The smaller the N20 mixing ratio is, the larger is the stratospheric influence. This is reflected clearly by the excellent anti-correlation between 03 and N20 in Fig. l a which is typical for mid-latitude air observed near the tropopause (e.g. Murphy et al., 1993) . In this study, 312 ppbv is chosen to represent the mixing ratio of N:O at the tropopause based on an examination of the vertical distributions of N:O, H20 and 03. The regime with mixing ratio of N20 greater than 312 ppbv will be called upper tropospheric air (UTA) and below the value as the stratospheric influenced air (SIA). There is an uncertainty of about 1 ppbv in the determination of this tropopause value of N20. The uncertainty is small enough that it has a negligible effect on the major results of this work.
The relationship between NOy and N20 (Fig. lb) is similar to that of 03 and N20, especially when the stratospheric influence is significant. This can be seen in The absolute value of NOy can be used to calculate an upper limit of the aircraft contribution to the high NOy values in the UTA. This is done by first calculating the occurrence of data points with NOy increments of 325.5 pptv (median UTA NOy) above the median NOy level of each I ppbv bin of N20. We find that 29 points occur in the SIA while 877 points occur in the UTA, i.e. a ratio of 3.3%. The value 3.3% is more 14, 12, 10, 3, and 9 ) and time periods contribute about 60% to the total number of these data points. Although this again suggests the importance of lightning and surface sources, it does not rule out aircraft emissions as a major contributor to the other 40% of the points. Unfortunately, it is difficult to even make a qualitative identification of the contributing sources of these 40% of points because most of the points are from aged emissions that are characterized by low values of NOx/NOy ratio, low CN (<5000 cm'3), and small spikes. The average NOy level with NOy/O3 between 7xl 0 -3 and 10xl 0 '3 is 434.5 pptv, merely 109 pptv above the median value. If we apply the earlier method of calculating the lower limit of contribution to the NOy abundance in the UTA, the 60% and 40% correspond to only 3.3% and 2.2% of the total NOy, respectively. Thus, even if all 40% of the data points with NOy/O3 between 7xl 0 -3 and 10xl0 -3 were from aircraft emissions, the contribution to the total NOy observed in the UT (above 7 km) during SONEX would be only 2.2%.
Conclusions
By examining the distributions of NOy, 03, and NOy/O3 ratio as a function of N20, we have found that the data points with NOy/O3 ratio greater than 10x10 '3 contribute more than 30% to the NOy abundance in the UTA observed during SONEX. The major sources (> 70%) contributing to these points are emissions from lightning and surface sources transported to the UT by convection, while the contribution from aircraft emissions is < 8%. For data points with NOy/O3 ratio between 7x10 '3 and 10x10 '3, lightning and surface sources also appear to be the major sources, but aircraft emissions may account for as much as 40%. However, this 40% corresponds to only about 2% of the total NOy abundance in the UTA. Finally, a few important points of caution are needed: first, our results apply only to the region sampled during SONEX; second, our method of analysis applies only to data points with relatively high ratios of NOy/O3; third, the method used in this study cannot be applied to the background level of NOy which accounts for about 60% of the NOy abundance in the upper tropospheric air observed during SONEX.
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